Background/Aims: Long non-coding RNAs (lncRNAs) are potential biomarkers of tumors, cardiac disease, and cerebral disease because of their interaction with coding RNAs. This work focused on ischemic stroke (IS) and aimed to identify novel lncRNA biomarkers and construct lncRNA-related networks in IS. Methods: Differentially expressed lncRNAs were identified using Arraystar Human LncRNA Microarray v4.0, and validated with qRT-PCR. A lncRNA-mRNA co-expression network and a lncRNA-miRNA-mRNA regulatory network
Introduction
Ischemic stroke (IS) is a neurological impairment generated by focal cerebral, spinal, or retinal infarction. IS constitutes about 85% of stroke and is the second leading of cause death and disability worldwide [1] . As reported by the Global Burden of Disease Study 2013, death due to IS in developing countries amounted to 75% of the total morbidity rate worldwide; meanwhile, the disability adjusted of life years (DALY) in developing countries amounted to 81% of the total DALY worldwide [2] . In the years to come, the prevalence of IS and the number of patients are predicted to decrease in high-income countries and double in lowand middle-income countries [3] . China, as a middle-income developing country, bears a heavy burden of stroke. Therefore, research on IS among Chinese is continuing and necessary.
Long non-coding RNAs (lncRNAs) have a long transcription sequence between 200 nucleotides and 100 kb, with minimal coding power and incomplete annotation [4] . Great progress in the field of lncRNAs has been achieved with the development of novel methodologies using a composite algorithm and databases [5] . In the past few years, lncRNAs have emerged as key regulators of various biological or cellular processes [6] . LncRNA profiles have been identified through microarray and high-throughput sequencing analyses to determine the regulatory function of lncRNAs in diseases. Dharap performed microarray analysis of rat cerebral cortex and revealed that lncRNA expression profiles are significantly altered after stroke [7] . Wu [8] and Dharap [9] performed microarray analysis of rat brain tissues to identify and explore the potential function of lncRNA-N1LR. Bhattarai performed high-throughput sequencing in rat cerebral cortex and discovered novel stroke-associated lncRNAs [10] . Zhang performed RNA sequencing and confirmed that lncRNA transcriptomic profiles in mouse brain microvascular endothelial cells changed after cerebral ischemia [11] . High-throughput analyses (microarray and sequencing) in vitro (oxygen glucose deprivation model in cell) or in vivo (middle cerebral artery occlusion model of rat or mouse) indicated that lncRNA probably participates in the pathogenesis of stroke. However, analysis of human samples is essential to explore the association between lncRNAs and stroke in patients with this disease.
Dykstra-Aiello performed microarray analysis and identified 299 and 97 differentially expressed lncRNAs in the peripheral blood of male and female patients with stroke compared with controls (P < 0.005, absolute fold change (|FC|) > 1.2) [12] . However, qRT-PCR analysis was not performed to verify the expression of the identified differentially expressed lncRNAs. Therefore, distinctly expressed lncRNAs between patients with IS and controls must be identified in human peripheral blood for subsequent determination of lncRNA biomarkers and exploration of functional mechanism.
In this study, microarray analysis was performed to identify the expression profiles of lncRNAs and mRNAs in human peripheral blood of patients with IS and control subjects. Nine differentially up-regulated lncRNAs from the microarray were validated through qRT-PCR analysis. The sample size was expanded for further validation and identification of lncRNA biomarkers for IS diagnosis. A coding-noncoding (CNC) co-expression network and a lncRNA-miRNA-mRNA regulatory network were constructed through bioinformatics analysis.
to the lncRNA expression microarray slide. The slides were incubated in an Agilent hybridization oven at 65°C for 17 h. The hybridized arrays were washed, fixed, and scanned with the Agilent DNA Microarray Scanner (part number G2505C).
LncRNA and mRNA microarray Analysis was performed using Arraystar Human LncRNA Microarray v4.0 provided by KangChen Bio-Tech, Inc (Shanghai, China). A total of 40, 173 lncRNAs and 20, 730 coding transcripts were detected. The acquired array images were evaluated using Agilent Feature Extraction software (version 11.0.1.1). Quantile normalization and subsequent data processing were performed using the GeneSpring GX v12.1 software package (Agilent Technologies). LncRNAs and mRNAs that showed statistically significant differential expression between IS and control groups were identified through P value, false discovery rate FDR, and FC filtering. Hierarchical clustering was performed using GeneSpring GX v12.1.
qRT-PCR
In brief, cDNAs were synthesized from total RNA by using SuperScript III Reverse Transcriptase (Invitrogen) for stage one qRT-PCR or the PrimerScript RT reagent kit with gDNA Eraser (Takara, Beijing, China) for stages two and three qRT-PCR. Primers for lncRNAs were Table 1 . PCR primers of the 9 significantly upregulated lncRNAs from the microarray The threshold cycle value (Ct) of each product was determined. Expression levels were calculated using the 2 −Δct method and normalized to the internal control of β-actin. LncRNA levels in patients with IS were expressed as FC against the average level of the same lncRNA in controls.
Bioinformatic analysis GO functional annotation and KEGG pathway analysis. Gene ontology (GO) functional annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed using DAVID Bioinformatics Resources v6.8 online tools (http://david.abcc.ncifcrf.gov/).
Construction of co-expression network.
A CNC network was constructed according to Pearson's correlation coefficient (PCC), which represents the correlation of differentially expressed lncRNAs and mRNAs. PCC was calculated for each pair of genes, and significantly correlated pairs with PCC ≥ 0.90 and P < 0.05 were selected for construction of the CNC network. The open-source bioinformatics software Cytoscape (version 3.4.0) was used to draw the network. Degree centrality (the number of links between nodes) of lncRNA/mRNA within the CNC network determined the relative importance of the nodes.
Construction of the predicted lncRNA-miRNA-mRNA regulatory network. A comprehensive search in five databases (DIANA-LncBase v2.0, lncRNASNP v2, lncREG, RegRNA v2.0, and LNCipedia v4.1) was performed to predict target miRNAs of lncRNAs. We searched the DIANA-Tarbase v7.0 database (http:// www.microrna.gr/tarbase) to obtain the targeted mRNAs of the predicted miRNAs.
Statistical analysis
Data analysis and plotting were performed with IBM SPSS Statistics 18.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA), respectively. Comparison among groups of quantitative variables was performed using the independent-samples t test (normal distribution) or the Mann-Whitney U test (abnormal distribution). Comparison among groups of enumeration data was performed using the χ 2 test. Correlation analysis between lncRNA expression and clinical parameters was performed using Pearson's correlation. The area under the receiver operating characteristic (ROC) curves and the calculated area under the ROC curves (AUC) were estimated using SPSS Statistics 18.0 with sensitivity (Se) and specificity (Sp) at the cut-off point to determine the feasibility of diagnosing IS in peripheral whole blood. Significance was assigned at the P < 0.05 level.
Results

Clinical characteristics
Demographic data are shown in Table 2 . Healthy controls were comparable with patients with IS. However, the patients and the controls significantly differed in terms of systolic blood pressure (SBP) (P = 0.002).
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Cellular Physiology and Biochemistry LncRNA and mRNA Expression profiles of IS LncRNA expression profile of IS. A total of 1, 250 differentially expressed lncRNAs obtained from peripheral blood were compared between patients with IS (n = 10) and healthy controls (n = 10) by using the criteria of absolute fold change (|FC|) ≥ 2, P value < 0.05, and false discovery rate (FDR) < 0.05. Among the differentially expressed lncRNAs between the IS patients and healthy participants, 560 were up-regulated and 690 were downregulated. The top 25 (sorted by |FC|, P, and FDR) differentially expressed lncRNAs in overall samples are shown in Table 3 . Another top 25 (sorted by |FC|, P, and FDR) differentially expressed lncRNAs in male/female samples are shown in Table S1 -S2 (For all supplemental material see www.karger.com/10.1159/000495058/). Hierarchical clustering analysis was performed in 20 samples (10 patients with IS and 10 healthy controls). The results showed distinguishable lncRNA expression profiles (Fig. 1A) . Fig. 1B and C present the scatter and volcano plots which were visualized to assess lncRNA expression variation between the two sample groups.
A forward analysis of distinguished lncRNAs based on their categorization was performed. All lncRNAs were classified into seven groups. Except for the undefined lncRNAs (66.21%), the highest proportion of lncRNAs belong to intergenic groups (21.81%), followed by natural antisense (4.95%), intronic antisense (4.07%), intron senseoverlapping (1.44%), bidirectional (1.12%), and exon senseoverlapping (0.40%) groups ( Fig. 2A) . The pie T   A  3 5  3  3  3  3  5  5  TC  5  5  3  TG  5  3  3  3  G  3  3   Table 3 . Top 25 of differently expressed lncRNAs in IS patients compared to healthy controls (sorted by |FC|). |FC|, absolute fold change; FDR, false discovery rate A  5  T  3  A  3  5  T3  3  G  5  5  T 3  5  G 5  5  5  R  5  C  5  T  5  3 R  5  3  T  G 5  5 55  T  35  G 53 5  5  R  R C  A  5 5  3  T3  G  5  5  3  T  G  5  T  3  G 3 535  5 3  3  T  3  G 5  5  TC  C  5 35  3  R 3  3  C33  5 5  3  T  R  5 3  TC  5  C  3  5 355  T  5  G  5  5 53  R  C 353  5 3  T  G  5  T  5  AC  3  5 3 5  T  G  5  T  G  5 55  3 3  3 3  5  T  G  5  R 33  C  3  T  G  5  3  T  5 3  5  T 3  G 35  5  5  T  3  G  5  T 55 5  G  T  3  G  5  3  R  3  C  3  T  G  53  5  T  G  3 charts show the components of the up-/down-regulated lncRNAs in each category (Fig. 2B,  C) . The chromosome and length distribution of dysregulated lncRNAs are shown in Fig. 3A and B. LncRNAs concentrated in few chromosomes and possessed length of less than 4, 000 nt. The distribution of the up-regulated and down-regulated lncRNAs was parallel. A. Expression profile of mRNA in IS. In the same cohort of patients with IS (n = 10) and healthy controls (n = 10), we screened 733 significantly differentially expressed mRNAs through microarray analysis based on the criteria of |FC| ≥ 2.0, P < 0.05, and FDR < 0.05 (Fig. 4A ). Of these 733 mRNAs, 249 were upregulated and 484 were down-regulated. The top 25 differentially expressed mRNAs in all samples are presented in Table  4 . In addition, the top 25 (sorted by |FC|, P, and FDR) differentially expressed mRNAs in male and female samples are shown in Table  S3 and S4. Fig. 4B and C show scatter and volcano plots, respectively, for assessment of variation in mRNA expression between the patients with IS and the healthy controls. The potential functions of differentially expressed lncRNAs were predicted by functional annotation for dysregulated mRNAs. Significantly up-regulated and down-regulated mRNAs in the microarray (setting |FC| ≥ 2, P < 0.05, FDR < 0.05) were 
(alias name: RP11-408H20.1; P < 0.001, FC = 2.395), and NR_046084 (alias name: SH3BP5-AS1; P < 0.0001, FC = 2.175). At the second stage, we expanded samples to validate the four significant lncRNAs by using 50 patients with IS and 50 controls. ENST00000568297 (P = 0.025, FC = 2.965), ENST00000568243 (P = 0.017, FC = 1.302), and NR_046084 (P = 0.004, FC = 1.902) were significantly up-regulated in patients with IS compared with controls (Fig. 6B, C, D) . The qRT-PCR results of these three lncRNAs, but not ENST00000467369 (P = 0.414, FC = −1.268), are consistent with the microarray findings. We expanded the sample size to further validate the up-regulation of ENST00000568297 (P < 0.0001, FC = 7.300), ENST00000568243 (P < 0.0001, FC = 1.841), and NR_046084 (P < 0.0001, FC = 2.265) in patients with IS compared with controls (Fig. 6E, F, G) . These results were also consistent with the microarray analysis. Further, relative expression levels of the three significantly expressed lncRNAs were analyzed in sex subgroups (Fig. S1 ). These lncRNAs were also significantly up-regulated in male/female IS cases compared with male/female controls (ENST00000568297: P = 0.0006/P = 0.0005, FC = 6.98/FC = 5.32; ENST00000568243: P < 0.0001/P < 0.0001, FC = 3.37/FC = 3.36; NR_046084: P < 0.0001/P = 0.0132, FC = 2.46/FC = 1.87). Descriptions of the three significantly expressed lncRNAs are shown in Table 5 .
As shown in Fig. 7A , B, and C, the ROC analysis indicated that the AUC values of ENST00000568297 (Sp = 63.6%, Se = 64.8%), ENST00000568243 (Sp = 69.5%, Se = 70.5%), and NR_046084 (Sp = 69.2%, Se = 61.5%) were 0.733, 0.743, and 0.690, respectively. The AUCs of the combined ROC curves of ENST00000568297 and ENST00000568243 (Fig. 7D) ; ENST00000568297 and NR_046084 (Fig. 7E) ; ENST00000568243 and NR_046084 (Fig. 7F) ; and ENST00000568297, ENST00000568243, and NR_046084 (Fig. 7G) were 0.776, 0.719, 0.787, and 0.843, respectively. Finally, the specificity (80.0%) and sensitivity (82.8%) were significantly improved; hence, the combination of the three whole lncRNAs was employed for IS diagnosis.
In addition, for the three validated lncRNAs that were up-regulated in IS patients compared to controls, correlation analysis with common clinical parameters (e.g. blood pressure, blood lipids, blood glucose) was performed in overall, male, and female samples. Most clinical parameters, including age, SBP, diastolic blood pressure, total cholesterol, triglyceride, high-density lipoprotein, low-density lipoprotein, and glucose, were not significantly correlated with expression of the three lncRNAs (P > 0.05). Nevertheless, some significant correlations were found. Details are described in Table S6 . 
Construction of lncRNA-miRNA-mRNA regulatory network
Using the three validated distinctly up-regulated lncRNAs (ENST00000568297, ENST00000568243, and NR_046084), we constructed a comprehensive lncRNA-miRNAmRNA regulatory network to interact with 81 predicted miRNAs and 7, 312 targeted mRNAs. Fig. S4 shows the three lncRNAs, 81 miRNAs, and 824 mRNAs (each of which interacted with at least five miRNAs). Specifically, lncRNA-ENST00000568297 targeted to 33 miRNAs, lncRNA-ENST00000568243 targeted to 21 miRNAs, and lncRNA-NR_046084 targeted to 28 miRNAs. Furthermore, THBS1 was regulated by 10 miRNAs, AKT2 was regulated by 9 miRNAs, PTEN was regulated by 7 miRNAs, AKT3 and MAPK1 were regulated by 5 miRNAs, and SMAD2 and SMAD3 were regulated by 6 miRNAs. The KEGG pathways (Fig. 9) were enriched with 824 mRNAs (each of which interacted with at least five miRNAs) in the lncRNA-miRNA-mRNA regulatory network. A total of 43 significant pathways (P < 0.01) were enriched using DAVID Bioinformatics Resources v6.8 online tools and included six IS-related pathways (Table 6) : "PI3K-Akt signaling pathway", "p53 signaling pathway", "AMPK signaling pathway", "MAPK signaling pathway", "Wnt signaling pathway", and "TGF-beta signaling pathway". As shown in Fig. S5 and Table S9 , the lncRNA-miRNA-mRNA-pathway regulatory network revealed indirect relations between the three distinguished lncRNAs and the six important KEGG pathways. Table S8 . 
Discussion
This study identified human lncRNA and mRNA profiles of IS, determined three lncRNAs as potential diagnostic biomarkers of IS, and predicted the potential functions on IS pathogenesis through bioinformatics analysis. To our knowledge, this study is the first to investigate the lncRNA expression profile of IS in Chinese patients by using human peripheral blood samples. LncRNA-ENST00000568297, lncRNA-ENST00000568243, and lncRNA-NR_046084 were identified as potential diagnostic biomarkers of IS. The up-/downregulated CNC networks revealed the interactions of lncRNAs and mRNAs. GO functional annotation of the mRNAs that interacted with ENST00000568243 enriched the following: "regulation of neuron death", "activation of MAPKK activity", and "positive regulation of C  53  5  335  3  3  3   G  CC  C  A CA 3 CC  CC  AT3  C  T  C  T  3  A  5  3  335  5  5   G  R RA A GF R CC  CA R A  FA  RA  CR 3  A  R  A  R AA  F  R A T3 A T  A  5  3  3  335  55  3   G  GR  A  RF C C  CA 3 A  A 3  R AC  C A T3  A A T TA  TA  T  TA  F A A  CR  T   3  3  3  335  3  3 3 3
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Cellular Physiology and Biochemistry apoptotic process", which are related to biological process (BP); and "protein kinase activity", which is related to molecular function (MF). In the lncRNA-miRNA-mRNA regulatory network, KEGG pathway analysis indicated that lncRNAs may regulate relative mRNAs via "PI3K-Akt signaling pathway", "p53 signaling pathway", "AMPK signaling pathway", "MAPK signaling pathway", "Wnt signaling pathway", and "TGF-beta signaling pathway" to perform functions. LncRNAs are dysregulated in several diseases, such as obesity, ischemic heart failure, moyamoya disease, and stroke [12] [13] [14] [15] . Dykstra-Aiello explored the lncRNA expression profile of IS and stroke risk loci by using human peripheral blood obtained from American and Canadian subjects; the results identified 299 and 97 differentially expressed lncRNAs in males and females, respectively (P < 0.005, |FC| > 1.2) [12] . Affymetrix GeneChip Human Transcriptome 2.0 arrays (> 40, 000 lncRNAs and > 245, 000 coding transcripts) were used to detect significantly altered lncRNAs in the Dykstra-Aiello study; meanwhile, we used Arraystar Human LncRNA Microarray v4.0 (40, 173 lncRNAs and 20, 730 coding transcripts) in the present study. However, Dykstra-Aiello performed a microarray analysis without qRT-PCR validation, and therefore the microarray analysis may yield false-positive results. Experimental techniques such as qRT-PCR are essential to validate the microarray result. We identified differentially expressed lncRNAs according to strict and common criteria of |FC| ≥ 2, P < 0.05, and FDR < 0.05. Recently, Deng identified novel lncRNA diagnostic biomarkers for acute ischemic stroke (AIS) in peripheral blood mononuclear cells (PBMCs) using Human LncRNA Array v4 (CapitalBio Technology, China) [16] . A total of 70 up-regulated and 128 down-regulated lncRNAs were identified by microarray to be differentially expressed in five AIS patients compared to five controls with a criterion of |FC| > 2 and P < 0.05. Deng included a total of 206 IS and 179 healthy control samples for the study and finally determined three lncRNAs (linc-DHFRL1-4, SNHG15, and linc-FAM98A-3) as IS diagnostic biomarkers. By comparison, although relatively fewer samples were included in the current study, potential lncRNA diagnostic markers were also established and further preliminary bioinformatics analysis was performed to explore potential functions of the three lncRNAs in IS pathology.
Circulating lncRNAs are a novel category of promising biomarkers and play key roles in screening, diagnosis, process, treatment, and prognosis of many diseases [17] [18] [19] . Serum lncRNA-RP11-445H22.4 has been confirmed as a biomarker for detecting breast cancer and exhibited AUC of 0.904 (Sp = 74%, Se = 92%) [20] . Ying Zhang revealed lncRNA-ZFAS1 and lncRNA-CDR1AS as novel predictors for acute myocardial infarction (AMI) in human whole blood; the AUC was 0.664 or 0.671 when AMI was diagnosed with lncRNA-ZFAS1 or lncRNA-CDR1AS alone and increased to 0.691 when the two lncRNAs were combined [21] . We first evaluated the diagnostic value of lncRNAs in human peripheral blood samples for IS based on lncRNA microarray screening and qRT-PCR validations. The AUCs were as follows: ENST00000568297 alone, 0.733; ENST00000568243 alone, 0.743; NR_046084 alone, 0.690; ENST00000568297 and ENST00000568243, 0.776; ENST00000568297 and NR_046084, 0.719; ENST00000568243 and NR_046084, 0.787; combination of all, 0.843. The AUC of the combination of the three lncRNAs is significantly increased compared with that of each single lncRNA. At the optimal cut-off points, the sensitivity values of ENST00000568297, ENST00000568243, NR_046084, ENST00000568297 and ENST00000568243, ENST00000568297 and NR_046084, ENST00000568243 and NR_046084, and the combination of all are 64.8%, 70.5%, 61.5%, 75.9%, 75.9%, 70.7%, and 82.8%, respectively; the specificity values are 63.6%, 69.5%, 69.2%, 75.0%, 67.5%, 75.0%, and 80.0%, respectively. The sensitivity (82.8%) and specificity (80.0%) of the combination of the three lncRNAs is significantly improved compared with single ENST00000568297 or single NR_046084. This finding suggests that the combination of the three lncRNAs will provide higher diagnostic performance for IS diagnosis. Based on the correlation analysis these three potential lncRNA diagnostic biomarkers for IS were independent of some common clinical risk factors for IS, which may suggest the lncRNA biomarkers could be used for IS diagnosis independently.
Protein coding and non-coding RNAs regulate each other to perform their functions. For example, non-coding and coding RNAs connect to each other in the CNC network; as such, noncoding RNAs affect protein expression by regulating the effects of coding RNAs on diseases. Thus, gene functional annotation and pathway analyses are essential. Based on GO analysis, several gene functions related to BP, cellular composition (CC), and MF were enriched. With up-regulated mRNAs in the microarray, "positive regulation of c-Jun N-terminal kinase (JNK) cascade" was enriched and regarded as a significant GO term related to BP. JNK has been reported to play a critical role in ischemic brain injury [22] . The up-regulated mRNAs in the microarray and mRNAs related to up-regulated lncRNAs within the CNC network both enriched the GO term "positive regulation of dopamine receptor signaling pathway", related to BP. An increased level of dopamine D2 receptor, which as a part of the dopamine receptor signaling pathway acts as a key target in the regulation of neuroinflammatory response, had a neuroprotective effect in OGD-treated astrocytes and MCAO-treated mice [23] . Focused on the three validated lncRNAs (ENST00000568297, ENST00000568243, and NR_046084), several GO categories that have been reported to be associated with the pathological mechanism of IS were enriched significantly. Interestingly, the category named "cellular response to oxidative stress" supported that lncRNAs participate in the process of oxidative stress in cells [24] , probably through regulating mRNAs such as SLC25A24, LRRK2, and SETX. Kim reviewed and indicated that lncRNAs play important roles in cellular responses to oxidative stress; for example, cytoplasmic lncRNA LINK-A interacts with LRRK2 and was able to enhance phosphorylation of HIF-1α at Ser797 in signal transduction under normoxic conditions [25] . In addition, the three lncRNAs-interacted mRNAs within the up-regulated CNC network could also enrich some other categories of importance, such as "MAPK cascade" and "protein phosphorylation". Apoptotic stress induced ASK1 (alias: MAP3K5) activation is promoted by Trx1siRNA, performing as ASK1/Trx1 binding complex, and ischemic reperfusion destroyed the complex and led to attenuation of the ASK1-JNK/p38 signaling pathway (part of the MAPK cascade) [26] . As well, protein phosphorylation plays key roles in MAPK signaling activation.
Analysis of the KEGG pathway related to 824 mRNAs (each of which interacted with ≥ 5 miRNAs, targeted to lncRNA-ENST00000568297, lncRNA-ENST00000568243, and lncRNA-NR_046084) in the lncRNA-miRNA-mRNA regulatory network enriched several interesting items. In particular, the following six stroke-related signaling pathways were outstanding: "PI3K-Akt signaling pathway", "p53 signaling pathway", "AMPK signaling pathway", "MAPK signaling pathway", "Wnt signaling pathway", and "TGF-beta signaling pathway". These pathways were enriched by some prominent mRNAs, such as AKT2, AKT3, MAPK1, PTEN, SMAD2, SMAD3, and THBS1, which are known to be associated with IS.
The MAPK signaling pathway has been implicated in inflammatory responses and cell apoptosis [27, 28] . Anti-CKLF1 antibody inhibited neutrophil influx into the ischemic region via the MAPK signaling pathway, and the inhibition of CKLF1 activity significantly protected against ischemia/reperfusion injury [29] . In rat brains, CBSA-PEG-TIIA-NPs (cationic bovine serum albumin-conjugated tanshinone IIA PEGylated nanoparticles) displayed distinguished neuroprotective effects on IS by modulating MAPK signaling pathways involved in the neuroinflammatory cascade [30] . Yaning Li reported the SDF-1α-CXCR4 interaction to activate AKT, ERK, and p38 MAPK signaling pathways in post-acute ischemic mice; SDF-1α could promote neurogenesis and angiogenesis without eliciting inflammatory responses [31] . Lin revealed that the p38 MAPK/calpain 1 signaling pathway participated in endogenous neurorepair and spontaneous recovery after IS, mediated by IL-17A from astrocytes [32] . Both the MAPK and PI3K/Akt signaling pathways are involved in cerebral ischemic injury associated with TRPV4-induced apoptosis [33] . The PI3K/Akt/mTOR signaling pathway mediates ZSTK474 (a PI3K inhibitor) to inhibit inflammatory responses, reduce infarct volume, and exert neuroprotection in IS mice [34] . Akt phosphorylation was found to mediate the neuroprotective activity of melatonin, and melatonin inhibited p53 phosphorylation through the PI3K/Akt signaling pathway to increase neuronal survival [35] . The up-and down-stream components of PI3K/Akt signaling pathways, such as PTEN and mTOR, were Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry also activated. TGF-beta acted as an anti-inflammatory factor. Myeloid TGFβ signaling has been suggested to be utilized for interference with stroke etiology-associated inflammation or vascular diseases [36] . The central intracellular mediator of TGF-beta signaling, namely, SMAD4, has been implicated in maintaining cerebrovascular integrity [37] . In the pathophysiology of stroke, p53 acts as master regulator in cell death [38] . Balaganapathy demonstrated that the Notch intracellular domain (NICD)-p53 interaction contributed to IS pathogenesis and enhanced the expression of pro-apoptotic genes following IS [39] . In rat cerebral cortical neurons, the ANXA1-p53 interaction in the nucleus was enhanced following oxygen-glucose deprivation-reoxygenation (OGD/R) and induced cell death [40] . The Wnt signaling pathway is involved in the development of the blood-brain barrier, contributed to stimulating neurogenesis, consolidating the blood-brain structure, and recovering cognitive brain functions after central nervous system injury [41] [42] [43] . Chang indicated that the Gpr124-Wnt signaling axis is essential for protecting blood-brain barrier function and vascular integrity [44] . In general, the AMPK signaling pathway is considered important in treatment of IS; metformin activated the AMPK signaling pathway to downregulate ICAM-1 expression, thereby effectively alleviating neutrophil infiltration to prevent brain injury induced by ischemia [45] .
The regulatory mechanism between the upper coding and non-coding RNAs remains undetermined. We inferred that the three potential diagnostic biomarkers (ENST00000568297, ENST00000568243, NR_046084) participated in the pathophysiological processes of IS, possibly by regulating IS-related signaling pathways or pivotal miRNAs and mRNAs.
Limitations
MiRNAs included in the regulatory network were predicted by algorithmic model in comprehensive databases, and experimental validations in Han Chinese were performed well. We performed some of the basic bioinformatics analyses. The CNC co-expression network and the lncRNA-miRNA-mRNA regulatory network were constructed; however, further experiments (in vivo or in vitro) must be performed to validate the functions of the three lncRNAs. The three lncRNAs are potential biomarkers for diagnosis of general IS patients. Further analysis such as exploring the association of IS subtypes and the lncRNAs is required. Thus, we will explore the ceRNA mechanism of the lncRNA-miRNA-mRNA regulatory network by using experimental technologies, such as luciferase report gene, RNA RIP, and RNA pull down.
Conclusion
This study found that the lncRNA and mRNA expression profiles in human peripheral blood were altered after IS. Three IS-associated lncRNAs, namely, ENST00000568297, ENST00000568243, and NR_046084, were validated and identified as novel potential biomarkers for diagnosis of IS. These lncRNAs probably play important roles in IS pathophysiology by regulating IS-related pathways, mRNAs in the CNC co-expression network, or pivotal miRNAs and mRNAs within lncRNA-miRNA-mRNA regulatory networks.
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